Abstract: A novel class of N-Fmoc-protected amino alkyl thiocyanates/selenocyanates has been prepared by thiocyanation/selenocyanation of the corresponding alkyl iodides. These thiocyanates/ selenocyanates undergo a facile [2+3]-cycloaddition reaction with sodium azide to afford novel N-Fmoc amino alkyl S/Se-linked tetrazoles.
Modification of the native structure of amino acids by inserting heterocycles such as tetrazoles, triazoles, thiazoles and isoxazoles through selective carboxy group transformation has been of considerable interest in biochemistry, enzymology and pharmacology. 1 In particular, tetrazoles have been extensively studied in recent years due to their ability to act as a metabolically stable surrogate for the carboxy group, 2 and hence have been used in designing potential anti-inflammatory, central nervous stimulant and hypertensive agents. They are also employed as cispeptide bond mimics and have found numerous applications as catalysts in asymmetric synthesis. 3 Specifically, 5-S-linked tetrazoles are an important class of compounds known for their biological and chemical potency. Due to the presence of the alkylthio linkage, they show increased acidity and solubility which makes them powerful activators for DNA and RNA syntheses. 4 On similar lines, 5-Selinked tetrazoles would also represent a useful subclass which has scarcely been addressed in the literature. The recent surge in selenium chemistry, 5 and the discovery of several selenoproteins, prompted us to work on selenium derivatization of amino acids, such as the 5-Se-linked tetrazoles.
The most feasible and practical routes for the synthesis of tetrazoles, in general, involve either reaction of a substituted halide with 1H-tetrazole or a [2+3]-cycloaddition reaction of a nitrile with an azide ion. 1a,6 Demko and Sharpless have reported an efficient protocol for the synthesis of 5-substituted amino alkyl tetrazoles by the reaction of N a -Z amino nitriles with sodium azide and zinc bromide, followed by removal of the Z group; however, the removal of the protecting group was a challenging task. 1a-c In this regard, our use of the Fmoc group for N aprotection led to a simple isolation of the free amino tetrazoles. 7 A literature survey on S/Se-linked tetrazoles resulted in a handful of reports. Dondoni and co-workers synthesized S-tetrazoles bearing C-glycosyl a-amino acids wherein sugar-derived C-alkyl azides were first treated with tosyl cyanide at 100°C, followed by replacement of the tosyl group with cysteine thiol. 8 Jursic's group reported the synthesis of 5-alkyl-and 5-aryl-S-linked tetrazoles from the corresponding thiocyanates. 9 Yildirir and co-workers prepared Se-linked tetrazoles by a reaction of aromatic selenocyanates with sodium azide. 10 Though tetrazole derivatives of amino acids have been prepared and employed in varied applications including organic catalysis, 3 the chemistry has not been extended to the preparation of S/Se-linked tetrazole derivatives from amino acids. Due to the widespread application of S/Se-linked tetrazolyl compounds, we reasoned that insertion of such moieties in place of the carboxy group of an amino acid would generate novel precursors for the synthesis of peptidic drug candidates, as well as for catalyst applications. 11 In the present study, the synthesis of S/Se-linked tetrazoles by a [2+3]-cycloaddition reaction of N-protected amino alkyl thiocyanates/selenocyanates with sodium azide is described.
With our previous experience in the synthesis of N a -Fmoc amino tetrazoles from the respective nitriles, we envisaged that N a -Fmoc amino alkyl thiocyanates/selenocyanates would be the ideal intermediates for accessing S/Selinked tetrazoles. Thiocyanates/selenocyanates are versatile synthetic intermediates and, owing to their electrophilic nature, they can be engaged as effective dipolarophilic partners of an azide ion. Thiocyanato compounds themselves have been used for the preparation of a few pharmaceuticals. 12 They can also serve as precursors for a plethora of diverse reactions including the synthesis of thio-heterocycles, thiophenols, thiocarbamates, dithiourethanes and sulfonyl cyanides. 13 Likewise, organic selenocyanates are also of interest due to their enhanced cancer chemopreventive activities and utility as starting materials for the synthesis of selenium-containing heterocycles, diselenides and selenoketones. 14 Several methods are available for the preparation of thiocyanates; most of these involve substitution of a halide with thiocyanic acid or its salt. Some of the other notable protocols make use of thiocyanating agents such as 1-nbutyl-3-methylimidazolium thiocyanate ([bmim]SCN), cyanate anion 16 or the Mitsunobu reagent system (Ph 3 P-DEAD-NH 4 SCN). 17 Similarly, selenocyanates are accessed by nucleophilic substitution of halides with the selenocyanate ion. 18 Kachanov's group reported a one-pot synthesis of selenocyanates using triselenium dicyanide as the selenocyanating agent. 19 Our interest in designing peptidomimetics and unnatural amino acid derivatives has led to several useful amino acid derived synthons including isocyanates of N a -Fmocprotected amino acids, 20 N-urethane-protected amino alkyl isothiocyanates, 21 
N
a -Fmoc amino alkyl formamides 22 and N-Fmoc b-amino alkyl isonitriles. 23 Though thiocyanate and selenocyanate derivatives have prevailed in various other classes of compounds including carbohydrates, 24 to the best of our knowledge, N-protected amino alkyl thiocyanates and selenocyanates are yet to be reported.
In the present work, the Fmoc group was selected for Nprotection 25 and potassium thiocyanate as the thiocyanating agent. 26 The essential precursors, N-Fmoc amino alkyl iodides 1a-h (Scheme 1), were prepared via a reported protocol. 27 In brief, N-Fmoc amino acids were reduced to the corresponding b-amino alcohols 28 and then subjected to the Mitsunobu reaction (Ph 3 P-imidazole-I 2 ). 21 In the next step, a solution of the N-Fmoc amino alkyl iodide 1 was treated with potassium thiocyanate. Either at room temperature or under reflux, the progress of the reaction was not satisfactory; however, use of a catalytic amount of tetrabutylammonium bromide drove the reaction to completion in a short duration of time. In a typical reaction, a solution of Fmoc-Phe-y(CH 2 I) (1c, R = Bn) in tetrahydrofuran was refluxed along with potassium thiocyanate and catalytic tetrabutylammonium bromide (Scheme 1). After completion of the reaction (TLC analysis), a simple workup afforded the corresponding thiocyanate 2c in good yield with a purity of about 91%. HPLC analysis of crude 2c showed a single major peak and no trace of the corresponding isothiocyanate, which otherwise can be formed due to the ambient nature of the thiocyanate ion, was observed. This was further confirmed by comparing the HPLC chromatograms of Fmoc-Phg-y(CH 2 NCS) (prepared according to our previous report 21 ) with Fmoc-Phgy(CH 2 SCN) (2d, R = Ph) now in hand. 29 A single recrystallization using tetrahydrofuran-hexane elevated the purity of the samples to 99% (HPLC analysis). The 13 C NMR spectra of these thiocyanates have a prominent signal around 112 ppm, characteristic of SCN, while the IR spectra display a CN stretch at around 2135 cm -1 .
To demonstrate the generality of this protocol, a series of N-Fmoc amino alkyl iodides was converted into the corresponding thiocyanates 2a-e, including examples derived from bifunctional amino acids, resulting in FmocCys(Bn)-y(CH 2 SCN) (2f), Fmoc-Asp(t-Bu)-y(CH 2 SCN) (2g) and Fmoc-Lys(Z)-y(CH 2 SCN) (2h) ( Table 1 ). The thiocyanates were stable toward long-time storage at ambient temperature, with no noticeable degradation, as confirmed by HPLC analysis. Further, the thiocyanate moiety was also inserted in place of the side-chain hydroxy group of serine and homoserine ( Figure 1 ; 2i, 2j). A similar protocol was also employed for the preparation of a few N-Fmoc amino alkyl selenocyanates, by reaction of the corresponding alkyl iodides with potassium selenocyanate (Table 1 , 3a-c). The 13 C NMR spectrum of 3a has a characteristic signal at 101.9 ppm and the IR spectrum shows a CN stretch at 2145 cm -1 . The selenocyanate moiety was also inserted in the w-carboxy position of FmocGlu-OMe (Figure 1, 3d) .
Further, treatment of 2i and 3d in a separate set of experiments with diethylamine-dichloromethane (1:1) for 45 minutes afforded the corresponding free amino methyl esters 4i and 5d in 98% and 95% yield, respectively (Scheme 2). On the other hand, deprotection of the methyl ester in 2i and 3d was accomplished following a protocol reported by Pascal and Sola; 30 the free carboxy compounds 6i and 7d were isolated in 85% and 75% yield, respectively (Scheme 2). All of these compounds were characterized employing mass and NMR spectroscopy.
In the next set of experiments, we undertook the synthesis of S-and Se-linked tetrazoles. In a typical study, Fmoc- Scheme 2 Phe-y(CH 2 SCN) (2c, R = Bn) was refluxed along with sodium azide and zinc bromide in a water-2-propanol system (Scheme 3). The reaction was complete in 4.5 hours (TLC analysis). It is worth mentioning that, compared to nitriles, 7 thiocyanates undergo the cycloaddition reaction with sodium azide in a shorter duration of time, which can be attributed to the electron-withdrawing nature of the S atom. A simple workup afforded the desired S-linked tetrazole 8c as a solid in 88% yield. The protocol was extended to the preparation of a series of examples of NFmoc amino alkyl S-linked tetrazoles 8a-h. In a similar way, Se-linked tetrazoles 9a-c were prepared by a [2+3]-cycloaddition reaction of the corresponding selenocyanates with sodium azide (Scheme 3, Table 2 ).
Scheme 3 Synthesis of N-Fmoc-protected amino alkyl S/Se-linked tetrazoles
Further, S-linked tetrazoles were also incorporated in the side chain of serine and homoserine (Figure 2; 8i, 8j) . In another example, a Se-linked tetrazole was inserted in place of the w-carboxy group of Fmoc-Glu-OMe (Figure 2, 9d) . Two S-linked tetrazoles 8a, 8e and a Se-linked tetrazole 9b were treated with diethylamine-dichloromethane (1:1) and the free amino alkyl S/Se-linked tetrazoles 10a, 10e and 11b, respectively, were isolated as solids (Figure 3 ). The purity of these free amino derivatives was confirmed by RP-HPLC. 31 In summary, the preparation of N-Fmoc amino alkyl thiocyanates/selenocyanates by reaction of the corresponding azide. Side-chain modification of a few bifunctional amino acids is also reported. Free a-amino alkyl S/Se-linked tetrazoles were isolated upon removal of the Fmoc group. Keeping in mind the advantages of tetrazole analogues of amino acids, the S,Se-linked tetrazole derivatives are also expected to deliver interesting properties. All solvents were distilled prior to use and reagents were used as received from Sigma-Aldrich. Melting points were determined on a Büchi model 150 melting point apparatus in open capillaries and are uncorrected. IR spectra were recorded on a Nicolet Impact 400D FT-IR spectrometer (KBr pellets, 3 cm -1 resolution). 1 H and 13 C NMR spectra were recorded on a Bruker AMX 400 (400 MHz) spectrometer. High-resolution mass spectra (HRMS) were recorded on a Micromass Q-Tof mass spectrometer. HPLC analysis was carried out using an Agilent 1100 series G1311A VWD system at l = 254 nm (flow: 0.5 mL/min, column: C18, 5 mm pore size, 4.6 × 250 mm).
N-Fmoc Amino Alkyl Thiocyanates/Selenocyanates 2/3; General Procedure
To a soln of a N-Fmoc amino alkyl iodide 1 (1 mmol) in THF (15 mL) were added KSCN or KSeCN (1.5 mmol) and TBAB (0.1 mmol), and the mixture was refluxed for about 3 h. After completion of the reaction (TLC), the solvent was evaporated under reduced pressure. The residue was diluted with EtOAc (12 mL); this solution was washed with H 2 O (2 × 10 mL) and brine (10 mL), and dried (anhyd Na 2 SO 4 ). The solvent was evaporated under reduced pressure and the residue was recrystallized (EtOAc-hexane) to obtain the product 2/3 as analytically pure material. Fluoren-9-yl)methyl (S)-3-Phenyl-1-thiocyanatopropan-2-ylcarbamate [Fmoc-Phe-y(CH 2 SCN) 
N-Fmoc
Amino Alkyl S/Se-Linked Tetrazoles 8/9; General Procedure A mixture of a N-Fmoc amino alkyl thiocyanate/selenocyanate 2/3 (1 mmol), NaN 3 (162 mg, 2.5 mmol) and ZnBr 2 (222 mg, 1 mmol) in i-PrOH-H 2 O (1:1, 30 mL) was heated to reflux for 4-5 h with stirring. After cooling, the reaction mixture was acidified with 10% HCl and diluted with EtOAc (15 mL). The aqueous layer was extracted with EtOAc (2 × 5 mL). The combined organic layer was washed with H 2 O (2 × 10 mL) and brine (10 mL), and dried (anhyd Na 2 SO 4 ). The solvent was removed under reduced pressure and the residue was either recrystallized (THF-hexane, 1:4) or column chromatographed. 
